Abstract-Molecular communications, where molecules are used to encode, transmit, and receive information, is a promising means of enabling the coordination of nanoscale devices. The paradigm has been extensively studied from various aspects, including channel modeling and noise analysis. Comparatively little attention has been given to the physical design of molecular receiver and transmitter, envisioning biological synthetic cells with intrinsic molecular reception and transmission abilities as the future nanomachines. However, this assumption leads to a discrepancy between the envisaged applications requiring complex communication interfaces and protocols, and the very limited computational capacities of the envisioned biological nanomachines. In this paper, we examine the feasibility of designing a molecular receiver, in a physical domain other than synthetic biology, meeting the basic requirements of nanonetwork applications. We first review the state-of-the-art biosensing approaches to determine whether they can inspire a receiver design. We reveal that nanoscale field effect transistor (FET)-based electrical biosensor is a particularly useful starting point towards designing a molecular receiver. Focusing on FET-based molecular receivers with a conceptual approach, we provide a guideline elaborating on their operation principles, performance metrics, and design parameters. We then develop a deterministic model for signal flow in silicon nanowire (SiNW) FET-based molecular receiver, and investigate its sensitivity for varying system parameters. Lastly, we discuss the practical challenges of implementing the receiver, and present the future research avenues from a communication theoretical perspective.
ranging from collaborative in-body drug delivery to continuous health monitoring, and water quality control [1] .
Since implementing conventional electromagnetic communications among nanoscale devices are obstructed by the limitations of antenna sizes, researches have started a quest for finding alternative communication methods. Among the several paradigms that have been proposed for use in nanonetworks, molecular communications (MC) is the most promising one because it is already implemented in nature as the main communication mechanism of living cells and other microorganisms, and thus, its feasibility in nanoscale domain is readily proven. The paradigm uses molecules to encode, transmit and receive information. One of the physical characteristics of molecules, such as type or concentration, is modulated to be transferred either through active propagation or diffusionbased passive propagation in a fluid medium [2] [3] .
There is a substantial body of theoretical studies that provide signal propagation and noise models for both active and passive propagation with various modulation schemes [4] [5] . Many aspects of molecular communications like addressing, routing, synchronization, localization, have been widely investigated; and advanced communication protocols for transport, network and link layers have just begun to be designed [6] . However, so far, little attention has been given to the physical design of transmitter and receiver devices compatible with molecular communications.
A limited number of works have focused on the signal processing aspects of molecular receiver with the aim of developing optimal detection schemes generally being adapted from the conventional communication theoretical tools [7] [8]. However, these studies ignore the design of the receiver antenna and the characteristics of the antenna's output signal which is to be processed. They implicitly assume that the output signal is already suitable, in terms of physical form, amplitude and resolution, for the proposed detection schemes, all of which require fast and complex signal processing with high computational resources. On the other hand, the current predictions on the design of nanomachines that are capable of communicating through molecules are based on the synthetic biology approaches, and a widespread consensus is established on this completely bio-inspired vision [2] [6] . However, synthetic biology is currently far away from taking the full control over the functionality of a biological cell, and designing artificial cells that are capable of operating in an envisioned nanonetwork application which employs the proposed communication tools including the optimal detection schemes. Moreover, relying only on synthetic cells limits the application range of molecular communications to in vivo operations. It is clear that novel approaches are required to remove the discrepancy between the envisioned applications and the device architectures. At this point, this paper aims to pave the way for the physical design of a nanoscale molecular receiver compatible with the proposed communication schemes that generally require high computational capacity.
A molecular receiver should be capable of in-situ, continuous, label-free and selective detection of molecular messages that arrive in the close vicinity of the nanomachine on which it is implemented. It can be considered to consist of a biorecognition unit that selectively recognizes the information molecules; a transducer unit that converts biorecognition events into a processable signal; and a processor unit that analyzes the output of the transducer to extract the transmitted information based on a preset scheme. The expected functionality of a molecular receiver is very similar to the one of biosensors, which are also designed for the aim of quantifying analyte concentrations in a solution [9] . Therefore, in this paper, we first review the state-of-the-art biosensing approaches to determine whether and in what extent they satisfy the design requirements of an MC receiver.
A careful examination of biosensing options, ranging from optical to mechanical and electrical methods, reveals that fieldeffect transistor-based electrical biosensors (bioFETs) are quite promising for the design of molecular receiver [10] . Hence, in the second part of the paper, we focus on a conceptual FET-based molecular receiver. We provide a comprehensive design guideline comprising of the operation principles and the performance metrics of the device. We also examine the noise sources originating from the defects in the transducer unit, and from the stochastic nature of molecular bindings in the recognition unit. Moreover, we elaborate on the design options of recognition and transducer units for the optimization of the overall performance from the communication theoretical perspective. Furthermore, we develop a deterministic model of signal flow in a SiNW FET-based MC receiver, and evaluate the receiver performance in terms of sensitivity under different scenarios. We examine integrability of the proposed receiver design into more advanced communication schemes including molecular division multiple access (MDMA), molecular shift keying (MoSK), spatial diversity combining. Lastly, we discuss the challenges before the implementation of the device from a practical aspect, and state the future research directions.
II. MOLECULAR COMMUNICATIONS RECEIVER
A molecular communications system between a single pair of nanomachines can be depicted as in Fig. 1 , where the molecular messages encoded into concentration propagate through molecular diffusion from the transmitting nanomachine to the receiving nanomachine. Receiver of a nanomachine in an MC system is responsible for detecting the incoming molecular messages, converting them into a processable signal, and processing the signal for extracting the encoded information. The decoded information may then be used by the nanomachine to realize a prespecified operation. Therefore, the performance of the receiver is critical for the proper functioning of the nanomachine, and thus of the nanonetwork application. MC receiver slightly differs from a receiver of a conventional electromagnetic communications. Fig. 2 demonstrates the block diagram of its envisioned architecture. An MC receiver basically consists of two subunits, namely, a molecular antenna, and a processing unit which is coupled to the output of the antenna. The molecular antenna is comprised of a recognition unit and a transducer. The recognition unit is the interface between the communication channel and the receiver. Its main functionality is to establish the selectivity only to the molecules that carry information, and thus to minimize the interference from other molecules in the communication environment. The transducer works intimately with the recognition unit, and converts the molecular recognition events into a processable form by means of electrical, optical or chemical signals. The transduced signals, i.e., the output of the antenna, are simultaneously collected by the processing unit which then may amplify and demodulate the signal to recover the transmitted information based on a preset modulation scheme.
To be operable in an MC application, the receiver should basically satisfy the following requirements:
• In situ operation and in-device processing: Envisaged nanonetwork applications require for nanomachines to operate in a physically independent manner. If nanomachines are required to be controlled through an external device, the communication interface between them should not interrupt the system operation. In the same manner, an MC receiver integrated into a nanomachine should be capable of in situ operation. A wired connection to an external device for controlling or powering the receiver is not acceptable. Receiver should detect molecular messages through in-device processing, i.e., without requiring a post-processing of the transduced signals by an external macroscale device or a human controller.
• Label-free detection: Receiver should be able to recognize the information carrying molecules based on their intrinsic characteristics, i.e., without requiring a molecular labelling procedure or any other preparation stage.
• Continuous operation: Detection should be continuous.
This requires for the recognition and the transduction mechanisms to be reversibly responsive, i.e., they should be capable of returning to the initial state after the detection to be able to accept the following molecular messages without causing a communication error. • Nanoscale dimensions: The components of the receiver should have nanoscale dimensions for the integration of the overall receiver into a nanomachine. In addition to these requirements, for in vivo applications, the receiver should also be biocompatible. In other words, the operation of the receiver should not have any detrimental effect on the biological environment, or its performance should not be degraded by the environmental conditions.
III. OVERVIEW OF BIOSENSING MECHANISMS
Developing a biosensor capable of detecting the existence of a target molecule in an environment or quantifying the concentration of a molecular specie has been a long-standing goal of analytical chemistry. For this aim, many different biosensing approaches have been proposed for a plethora of target molecular species ranging from proteins to oligonucleotides, as well as small molecules like glucose [11] [12] .
A biosensor generally consists of a biorecognition layer and a transducer which converts the recognition events into a processable form [11] . It is not surprising that a biosensor and a molecular receiver have common design principles, since they both aim to analytically recognize the molecules. However, there are also fundamental differences between them. First, it is not sufficient for an MC receiver just to detect the presence of a molecule in an equilibrium state as for the case of a biosensor. The receiver should be capable of detecting the information which is encoded into a physical property related to the molecules, such as concentration, type, or arrival time, by continuously observing the environment. This requires the communication theoretical tools to be applied. Another critical difference arises from the application domain. The biosensor literature is mostly directed to the design of biosensing approaches suitable for laboratory applications that necessitate the operation of macroscale readout devices and human observers due to the lack of an integrated processor. Moreover, biosensors have not yet been completely scaled down to nanoscale dimensions to be integrated into an envisioned nanomachine. Nevertheless, we can still design a molecular receiver inspired from a biosensing method; but first we need to examine all of the biosensing approaches to determine the most promising one.
Biosensors proposed so far, in general, can be classified into three categories based on the transduction mechanism: electrical, optical, and mechanical biosensors. Electrical biosensing is based on the alterations in the current, voltage, or conductance in the transducer resultant from a chemical reaction or a binding event realized in the recognition unit [13] [14] . Similarly, optical sensing exploits the changes in one of the optical characteristics of the transducer upon the recognition. Optical transduction and recognition are generally realized on the same unit. Several optical sensing mechanisms are developed based on surface plasmon resonance (SPR), chemiluminescence, fluorescence and FRET [15] . On the other hand, mechanical sensing benefits from the modulation of the mechanical resonance with the binding of a molecule to the surface of the transducer [16] . A comprehensive review on different sensing approaches can be found in [11] .
In addition to these engineered sensing methods, a fourth mechanism which is called biochemical or molecular transduction is prevalent in nature as part of the cellular communications [17] [18] . The mechanism converts the biorecognition events on the cellular membrane into an ion flux through the membrane pores of the cell to trigger a function with the potential change, or the events activate the secondary messengers in the cytoplasm to realize cellular functions.
Considering the basic requirements of the molecular receiver, we suggest focusing on electrical biosensing approaches. The reason for eliminating the optical and mechanical biosensing options is that they rely on macroscale detectors that cannot be accepted for an MC receiver considering the requirement of in situ operation. Although the biorecognition and transduction units can be downsized to nanoscale, these units should be excited by optical lasers, and the resultant signals, for both optical and mechanical sensing, should be observed through optical detectors to extract the sensing information. Even for bioluminescence-based methods which do not require excitation of the transducer, there is currently no approach towards realizing in situ processing of the resultant optical signals mainly due to the diffraction limit of light.
To compare the suitability of electrical and biochemical sensing for an MC receiver, we also need to consider the corresponding nanomachine architectures which are in the bionanoelectronic and synthetic-cell domain, respectively. In this context, the advantages of electrical sensing are several. First, there is a clear trend towards the miniaturization of electrical processing units into nanoscale. Since electrical biosensors intrinsically provide processable inputs for these devices, they can be readily integrated in bionanoelectronic domain. On the other hand, the assumption of synthetic cell-based nanomachines, which is based on combination of the biochemical transduction and high processing capabilities, seems very vague. Biochemical sensing implies also biochemical processing. The speed of electrical operations is incomparably higher than the biochemical processes, thus, we can certainly assert that electrical sensing also promises for fast processing of the transduced signals. Moreover, electrical sensing can provide the receiver with much more diverse functionality which can be tuned and controlled electrically in a similar way with the conventional counterparts. Also, interfacing with macroscale equipments in a wireless manner is more feasible for the electrical domain. Although synthetic-cell based nanomachines intrinsically provide ultimate biocompatibility; with the advances in bioelectronics, it is not a difficult problem also for the bionanoelectronic devices. Therefore, comparing the state-of-the-art in the two research domains, obviously electrical nanomachines seem more suitable and feasible for the envisaged nanonetwork applications. This leads us to investigate the electrical sensing approaches in more details to be adapted for an MC receiver.
Electrical biosensors can be grouped into two classes according to their recognition method: biocatalytic and affinitybased sensors [19] [20] [21] . Biocatalytic recognition employs specific enzymes immobilized on a layer to detect the targets based on enzymatic reactions [22] . When a target is bound to an enzyme, an electroactive specie, e.g., hydrogen ion, is generated as a result of the reaction. If the specie achieves to diffuse into the working electrode of the transducer, it modulates one of the electrical characteristics of the device. Commercialized macroscale glucose sensors can be given as example to the biocatalytic electrical sensors. On the other hand, affinity-based sensing is based on the selective binding of certain receptor-ligand pairs on the recognition layer [23] .
Biocatalytic techniques require two-step reaction, i.e., enzymatic reaction and consecutive detection of the produced electroactive species. This complicates the procedure as the device gets smaller. Also, generation of additional products may not be desired during the operation. Additionally, the method is limited to specific analytes that generate the electroactive species upon the reaction with the corresponding enzymes. Therefore, the method does not provide flexibility in selection of the target molecules. On the other hand, affinitybased sensing uses the nature's approach for recognition offering a more direct detection scheme. Also the method has proven feasible for a larger range of target molecules with higher sensitivity and selectivity. Moreover, affinity-based biorecognition is more convenient for the current molecular communication models which are mostly based on ligandreceptor binding, thus, provides an easier path to be adapted into the receiver models. Therefore, we focus our attention into affinity-based electrical sensing.
Affinity-based sensing is also classified depending on the detection format in the transducer unit: amperometric, potentiometric, conductometric, and impedance-based. Briefly, amperometric detection is based on the changes in the current [24] ; potentiometric detection relies on the change of the potential between two reference electrodes [25] ; conductometric detection is based on the modulation of the conductance by the recognition events [26] ; and impedance-based detection is a frequency-domain method benefitting from the impedance variations as the result of molecule binding events [27] . All of these methods are developed primarily for ex situ analysis in laboratory conditions; thus, they do not promise for portable and in situ applications. Fortunately, the advances in nanotechnology in the last decade have led to the design of a new method for affinity-based electrical sensing which is based on FET technology with the use of novel nanomaterials, such as nanowires, nanotubes, organic polymers, and graphene, as the transducer unit [28] [29] [30] . It is based on the modulation of transducer conductivity by the electrostatic effects resultant from the molecular bindings on the recognition layer. FETbased biosensors (bioFETs) promises for label-free, continuous and in situ operation in nanoscale dimensions, thus, the design of a bioFET stands as a good starting point for the design of an MC receiver. Hence, in the remaining of the paper, we elaborate on the FET-based molecular receiver.
IV. FET-BASED MOLECULAR RECEIVER
In conventional FET type transistors, current flows between source and drain electrodes through a semiconductor channel whose conductance is controlled via a perpendicular electric field created by a gate electrode. Conductivity is proportional to the carrier density accumulated in the channel by the electric field, and reflected to the changes in the voltagecurrent characteristics. Replacing the gate electrode with a biofunctionalized surface through the immobilization of affinitybased receptors directly on top of the channel as depicted in Fig. 3 , the device becomes a biosensor, namely bioFET.
Binding of charged analytes to the surface receptors results in accumulation or depletion of the carriers on the semiconductor channel, and modulates the channel conductivity; thus, the conductivity becomes a function of the analyte density and the amount of analyte charges. For example, if the channel is p-type doped, negatively charged analytes accumulate the positive hole carriers in the channel when they bind to the receptors; as a result, the conductivity increases depending on the density of the bound analytes as shown in Fig. 4 . The conductivity change is reflected to the current (I ds ) flowing through the channel if a constant source-todrain potential (V ds ) is maintained. For applications in ionic solutions, usually, a reference electrode is immersed in the solution to stabilize the surface potential of the channel on its base level which may be highly fluctuated due to undesirable ionic adsorptions complicating the detection of target analytes [31] . It is clear that FET-based biosensing enables direct, label-free, continuous and in situ sensing of the molecules by not requiring any complicated processes like labelling of the molecules or the use of any macroscale equipment for readout and processing operations. Simple operation principles together with the extensive literature on FETs established through many years, electrical controllability of the main device parameters, high-level integrability, and plethora of optimization options for varying applications make FET-type biosensing also a quite promising approach for electrical MC receiver. Therefore, we direct our attention to devise a molecular receiver based on the principles of affinity-based bioFETs.
A. Signal Flow and Noise Sources
To characterize the operation of a FET-based molecular receiver, we need to investigate the input-output signal relations together with the expected contributions of the noise sources. Noise results in random fluctuations in the electrical output signal; hence, it is critical to determine its detrimental effects on the detection performance. Noise sources for a FET-based molecular receiver can be divided into three categories [32] , which are briefly explained as follows: 1) Reception Noise: A molecule in the reception space undergoes random motion which is governed by Brownian dynamics, and stochastically binds to the receptors on the recognition layer. The uncertainty in the location and the binding state of the molecules results in random fluctuations of the transduced signal and may severely hamper the instant detection of the concentration, and thus, the molecular messages [33] . This type of reception noise is well-studied from the molecular communications perspective [34] .
2) Transducing noise: Transducing operation also includes contributions from noise sources which can be classified into two types: thermal noise and flicker (1/f) noise [37] , [38] .
Thermal noise is resultant from the thermal fluctuations of the charge carriers both on the transducer channel and on the bound ligands. On the other hand, flicker noise is caused by the traps and defects in the semiconductor channel, and it could be very effective at low frequencies [39] . Since molecular diffusion and binding kinetics are generally low-frequency processes, we expect that the receiver will also operate at low frequencies. Hence, the flicker noise may dominate all the other noise sources, and thus, need a careful investigation.
3) Biological Interference: The function of the recognition layer is to selectively bind to the target molecules, which are the information carriers. The selectivity is governed by the binding affinity between the information molecules and the receptors. However, for crowded environments, it is possible that molecules of other species, which show similar affinities for the receptors, exist in the reception space, thus, occasionally bind to the receptors and complicate the detection. This biological interference, which is also termed the background noise, could severely deteriorate the detection performance as the concentration and the charge of the interferers are comparably high [33] . Biological interference should not be confused with the intersymbol interference (ISI) or co-channel interference which have been already investigated in [35] , [36] , from the aspect of molecular communications. Note that the randomness of interferers' motion and binding to the receptors also contributes to the total reception noise of the receiver.
Incorporating the contribution of noise sources, a simplified signal flow diagram of the system can be given as in Fig. 5 , assuming that the binding of interferer molecules and messenger molecules are uncorrelated. In fact, this is a loose assumption; because the receptor-ligand binding kinetics is expected to be affected by the number of bound interferer molecules. However, when the concentration of the receptors in the recognition layer is high enough compared to the total concentration of ligand and interferer molecules in the reception space, this assumption holds true. Then, the electrical output signal can be expressed as follows:
(1) where X(t) is a stochastic state matrix which represents the locations of the ligands, including the conjugated ones, in the reception space [32] . The matrix relates the molecular density of the reception space to the occupancy rate of the receptors on the recognition layer. T is the transducing vector which operates on the state matrix, and X(t) is the ensemble average of the state matrix. The u x (t) and u T (t) denote the reception noise and the total transducing noise, respectively. X (i) (t) is the ensemble average of the state matrix of the ith interferer molecule, and u x(i) is the corresponding reception noise. T i is the transducing vector for the ith interferer. Note that, the reception noise resultant from the stochastic binding events is amplified by the transducing operation.
B. Performance Metrics
This section aims to define the performance metrics for an electrical MC receiver, and explain the effects of main system parameters on the receiver performance. 1) Sensitivity: Sensitivity is the capability of the receiver to perceive the small differences in the molecular concentration [31] . It is a critical performance metric, especially for the design of MC systems which encodes the information into molecular concentrations, e.g., MC with Concentration Shift Keying (CSK). It can be defined as the change in the transducer current per change in the molecular concentration in the reception space of the receiver for a concentration range where linear operation can be assumed. Linear operation corresponds to the operation range where the receptors on the receiver surface are not saturated by the information molecules.
2) Selectivity: The capability of the receiver to uniquely detect the information molecules in the reception space, which is probably crowded with interferers, is the measure of its selectivity [31] . It is clear that the recognition unit is directly in charge of the selectivity as it sets the affinity with the messenger ligands and with the possible interferers. Higher selectivity implies that the probability of the interferer molecules to bind the receptors is lower than the one of the information carrying molecules. Selectivity is a critical design consideration especially for MoSK-based MC systems [3] . The receptor molecules as well as the messenger ligands should be carefully selected considering the coexisting molecular species in the communication environment.
3) Signal-to-Noise Ratio (SNR): Signal-to-noise ratio at the antenna output determines how easy the receiver can recover the transmitted signal in the presence of noise sources that are explained in Section IV-A. It is the most crucial parameter to evaluate the reliability of the detection. It can be simply calculated as the ratio of the received signal power to the total noise power, i.e., SN R = P signal /P noise , in a given operation bandwidth of the receiver.
4) Limit of Detection:
The minimum molecular concentration in the reception space required for the receiver to detect the existence of an information molecule is termed the limit of detection (LoD) [40] . It is not to be confused with the minimum concentration required for the exact determination of the concentration. Once the limit is determined, it can be exploited by the transmitter nanomachine to save on the number of molecules transmitted to the channel, especially when the information is encoded into the type of the molecules as in the case of MoSK [3] . The limit of detection of the receiver is mainly set by the noise level of the overall reception process and the flow conditions of the environment, and can be given as LoD = 1/SN R [37] . 5) Temporal Resolution: Temporal resolution defines how fast the receiver is able to sample the molecular concentration in the reception space. Considering that electrical processes are very fast compared to molecular processes, the limiting factor for the temporal resolution of the receiver is expected to be the molecular diffusion and binding kinetics. In order for the receiver to be able to detect all the messages carried by the molecules into the reception space regardless of the modulation type, the recognition should be realized in transportlimited manner. In other words, the binding kinetics should not be a limiting factor on the sampling rate. We further discuss the effect of binding kinetics on the temporal resolution in Section IV-C2.
C. Design Options
The performance of the receiver should be optimized by the design parameters under different application scenarios. This section elaborates on the main parameters corresponding to two main receiver components which are the transducer and the biorecognition unit.
1) Semiconductor Channel: The semiconductor channel located between the source and the drain electrodes is the main transducing element of the receiver. Binding of the charged information molecules modulates the conductance or potential of the channel through depletion or accumulation of the carriers within the channel. Therefore, its electrical characteristics like conductance and electron mobility are critical for the sensitivity performance of the transduction, thus, of the receiver. Also, flicker noise of the receiver which is very effective in low frequency applications is mainly resultant from the inevitable defects and traps on the channel generated during the fabrication process. Moreover, the channel geometry is directly relevant to the surface coverage of the receiver, and affects its integrability to the overall circuitry of a nanomachine [31] .
Many nanomaterials have proven suitable for use in bioFET channel, such as silicon nanowires (SiNWs) [41] , single walled carbon nanotubes (SWCNTs) [29] , graphene [42] , molybdenum disulfide (MoS 2 ) [43] , and organic materials like conducting polymers [44] . These materials, some of which are demonstrated in Fig. 6 , are also feasible candidates for the transducing channel of a molecular receiver. It is to be noted here that use of different materials does not change the operation principles of the receiver, and does not bring any fundamental constraint on the design of other parts of the receiver such as the biorecognition unit.
First generation bioFETs rely on the use of one dimensional materials like SWCNT and SiNW as the channel in a bulk form. However, use in the form of single material or aligned arrays have proved to surpass the performance of the bulk channels in terms of sensitivity and reduced noise [30] , [29] . SWCNT-based bioFETs have attracted more attention due to the excellent electrical characteristics of carbon nanotubes which lead to higher sensitivity; however, clean fabrication of SWCNT without defects is the most challenging among all of the candidates, which may hamper its proper practice in an MC receiver [45] . On the other hand, SiNWs can be fabricated in a relatively easy and controlled manner, with adjustable length, diameter, and doping levels which have direct influence on the material conductance [46] . However, SiNWs still possess substantial production challenges due to their 1D nature [47] .
Graphene has emerged as an alternative with its 2D planar structure providing higher spatial coverage in a single device with the possibility of immobilizing higher number of receptors [48] . The same 2D structure also leads to a higher sensitivity compared to 1D materials, since all of its atoms are able to closely interact with the bound molecules on the recognition layer. Moreover, intrinsic flexibility of graphene provides higher chance of integration into devices with non-planar surfaces which can be more suitable for the design of nanomachines in an MC application [49] . Another 2D alternative for the transduction channel is MoS 2 which has been very recently shown to be more sensitive than the graphene channel [43] . The possession of a bandgap which is not the case for graphene has been pointed out as the reason for the higher sensitivity of MoS 2 -based bioFETs.
Organic conductive polymers also have been shown to provide similar electronic performances with the inorganic counterparts when used as the semiconducting channel. They can be utilized in both 1D and 2D forms [50] . In addition, they provide ultimate biocompatibility which make them more preferable for in vivo applications of MC.
The selection among these materials should be carefully made according to the performance requirements of the MC application [49] , [51] . Also, the architecture of the overall nanomachine can mandate the use of flexible planar materials. On the other hand, some applications may require more complex receivers with more than one channels for multiplexing purposes which will be discussed in Section VI; and for such cases, 1D materials may be more suitable allowing dense channel deployments.
2) Bioreceptors and Ligands: Bioreceptor is another design fundamental which is the principal determinant of the receiver's selectivity. The array of receptors constitutes the interface between the receiver and the molecular communication channel, being the active components of the recognition unit. The design considerations on the receptor molecules cannot be isolated from the information molecules, i.e., ligands; since the modulation of the transducer current is realized as a result of the binding of the ligands and the receptors to each other. The binding reaction can be simply represented by the following relation
where N R , N L , and N B denote the number of unbounded receptor, ligand, and receptor-ligand complexes, respectively; k + and k − are the association and dissociation reaction rates. The affinity between the ligands and the receptors is quantized by the dissociation constant which can be given by
Affinity is inversely proportional to the dissociation constant K D . In order for the receiver to be selective only to the ligands that represent the information, the affinity of the receptors for the ligands should be significantly higher than their affinity for the interferer molecules that may exist in the reception space. Mainly three types of recognition pairs used in affinitybased FET-type biosensors are feasible for an MC application: antibody/antigen (Ab/Ag), natural receptor/ligand, and aptamer/ligand [10] [23] . These pairs are suitable because they bind to each other reversibly, and their sizes are small enough to be utilized in an MC application.
Antibodies are Y-shaped immune system proteins that are generated to bind to specific antigens which are perceived as the proteins of an harmful microorganism inside the body. Antibodies generally operate with lock-and-key principle, thus, provide high level selectivity for the corresponding antigens. Hence, incorporation of them as receptors has provided highly selective bioFETs [28] [30] . Antibodies are usually generated by introducing antigens into an animal. Therefore, the utilization of Ab/Ag may face certain production challenges and biocompatibility risks for in vivo applications.
Natural receptors are cellular proteins that are immobilized within the plasma membrane. They enable the cell to interact and communicate with its surroundings, e.g., neighboring cells, by binding to corresponding ligands which can be a sort of ions or complex molecules like proteins that represent the information relevant to the cell. Binding of a ligand to a receptor opens a membrane pore resulting in a subsequent ion flux through the pore. Because of the ion flux, the potential across the plasma membrane changes. The potential change is then followed by a relevant activity of the cell [17] , [18] . The cellular receptors including neuroreceptors, taste and olfactory receptors, have proved to be successfully implemented on the recognition unit of bioFETs to detect neurotransmitters [52] , taste molecules, and odorants [53] . Since these receptors naturally operate in living organisms, their utilization in in vivo applications do not bring up any biocompatibility problem. Moreover, their ability to detect odorants promises for long range MC applications that have been reviewed in [54] .
Additionally, aptamers, which are artificial single-stranded DNAs and RNAs, have also been widely utilized as recognition elements in bioFETs to detect a wide range of targets, i.e., ligands, including small molecules, proteins, ions, aminoacids, or other oligonucleotides [55] . An aptamer for a specific ligand is selected through a SELEX (systematic evolution of ligands by exponential enrichment) process which is based on scanning a large library of DNAs and RNAs to determine a convenient nucleic acid sequence that has the desired affinity with the ligand. There already exist in the literature numerous aptamer libraries determined for a plethora of ligands, which reduce the fabrication challenges [56] , [57] . Availability of almost infinite number of different aptamerligand combinations with varying affinities makes aptamerbased recognition promise for highly selective MC receivers.
In the molecular communication studies published so far, the effect of the affinity between the receptor-ligand pairs, and thus, the effect of the association and the dissociation reaction rates on the communication performance have been neglected, assuming perfect recognition and transduction units which are capable of continuously detecting the overall ligand concentration in the reception space. However, these reaction rates may be critical limiting factors on the maximum sampling rate of the receiver, and thus, may lead to detection errors if they are not optimized for varying communication rates. To gain more insight on this issue, we need to investigate the relation between the transport dynamics of the ligands and the binding kinetics on the receptors. Unfortunately, in the literature, there is not an analytical model that achieves to fully capture this relation, but the two compartment model is usually able to provide with a qualitative examination of the behavior [58] [59] [60] . The model divides the space into two virtual compartments assuming that the ligand concentration is homogenous in each of them, but the amount of the concentration may change with time in individual compartments. For a spherical receiver, the resultant compartments are two spheres inside each other; and for a planar receiver, they can be considered as two planar layers, one on the top of the other. Inner space, which is adjacent to the receiver, corresponds to the reception space whose volume is small enough to assume that receptors and ligands are homogenously distributed. The model expresses the correlation between the ligand concentrations in each compartment by the following differential equations:
where V is the volume of reception space; c R L and c L denote the ligand concentration inside and outside the reception space, respectively; N R and N B are the number of free and bound receptors on the surface of the recognition layer, respectively [61] . The transport dynamics of the ligands from the outer space to the reception space are governed by a transport parameter k M which quantizes the rate of the ligand transport into the reception space. This parameter is intended for capturing the molecular diffusion due to a concentration difference between the outer space and the reception space, and the transport dynamics resultant from the flows in the fluid environment. The relation between k M and the reaction rates is critical for determining whether the sampling rate of the device is sufficient to capture all the concentration changes in the reception space. It is clear that the binding reaction rates k + and k − should be high enough for the recognition to be diffusion-limited, or in a more general sense, transport-limited, and not reaction-limited. If the recognition is reaction-limited, then, the concentration changes in the reception space may not be fully captured; thus, successive signals cannot be discriminated from each other, which may result in intersymbol interference (ISI). For the recognition to be transport-limited, the following inequality must be satisfied:
This requires that both k + and k − have to be sufficiently high. There are in the literature analytical estimates of k M for different geometries of the receiver and for different flow conditions [59] , which are not included in this paper; but, they can be incorporated into the analytical models that will be developed to capture the full dynamics of both molecular transport and binding reactions.
The characteristics of the ligand-receptor pairs also affect the performance of the receiver, especially its sensitivity. The range of distance from the surface of the receiver where the transducer can detect a recognition event is limited because of the screening of the ligand charges by the ions existing in the communication environment [62] . The mean effective charge of a free electron on a ligand as observed by the transducer is degraded as the distance between the ligand and the transducer increases. The relation is given by
where q is the elementary charge, and r is the average distance of the ligand electrons to the transducer's surface [37] . λ D is the Debye length which quantizes the ionic strength of the solution according to the following relation
where R is the dielectric permittivity of the fluidic medium, k B is the Boltzmann's constant, T is the temperature, and N A is Avogadro's number, c ion is the ionic concentration of the medium [37] . Debye length is a key parameter in determining an appropriate receptor-ligand pair. The distance of the receptor part where the charged ligand binds from the transducer surface should not exceed the Debye length. Otherwise, charges of the bound ligands cannot be effectively reflected into the transducer current [63] . Therefore, receptors with lengths exceeding the Debye length should be avoided to develop a sensitive receiver. Aptamers and natural receptors having lengths typically smaller than 2nm are advantageous compared to antibodies, and have proven effective even in solutions with high concentration of ions [56] . On the other hand, antibodies can be shortened using only their fab fragments which are the main recognition elements [64] . The intrinsic charge of the ligands, i.e., the number of free electrons, also should be high enough for the proper functioning of the receiver. Most of the biomolecules like proteins and nucleic acids are highly charged in solutions, but the amount of molecular charges may significantly change depending on the pH level of the environment [31] .
Additionally, density of the receptors can remarkably affect the performance of the receiver [65] [66] . It is obvious that dense deployment of the receptors on the receiver surface increases the chance of binding to a ligand. However, the receptor density should be optimized together with the concentration of the ligands used for communication. On one hand, if the ligand concentration is very low compared to the receptor density, then, most of the receptors will be unbounded; and thus, prone to the binding of the interferers, which may result in higher background noise. On the other hand, if the information is represented by very high concentrations of ligands compared to the receptor density, then, the recognition unit may face saturation, and the linear operation range may be disturbed, which then complicates the detection.
V. A DETERMINISTIC MODEL FOR SINW FET-BASED MC RECEIVER
In Section IV-A, we gave an expression in (1) to describe the signal flow for the operation of a general MC receiver. That expression includes a transducer vector and a stochastic state matrix denoting the random locations and binding/unbinding states of information molecules. Although it gives an intuition for the receiver operation, it is only useful for simulationbased approaches, and it does not lead to the derivation of analytical expressions for deterministic signal flow to evaluate the performance of the receiver.
In this section, following a more detailed approach, we derive a deterministic model of molecular signal reception for a SiNW FET-based MC receiver and numerically evaluate its performance in terms of sensitivity for varying system parameters. For modulation of molecular signals, we assume that CSK is utilized such that the messages are represented by different levels of ligand concentration. The receiver detects the concentration-encoded messages by observing the transducer channel current.
We start by deriving the dynamics between the informationcarrying ligand molecules and the receptor molecules tethered on the surface of the NW transducer channel. To be able to derive analytical expressions for performance metrics, we make the following assumptions: i) Diffusion of ligands are assumed to be fast enough such that the reception is not mass transport limited. Therefore, the ligands are assumed to be homogenously distributed in the reception space, and all of the receptors are always exposed to the same concentration of ligands. ii) Concentration of ligand molecules are assumed to be significantly higher than the surface concentration of receptor molecules such that the ligand concentration remains almost constant despite the ligand-receptor reactions taking place. iii) Biological interference of any chemically similar molecule is neglected; therefore, the only molecules that can bind to the receptors are the information-carrying ligands. These assumptions are prevalent in molecular communications and biosensor studies [5] [34] , and lead to a pseudo-first order ligand-receptor dynamics, where the first time derivative of the number of bound receptors dN B (t)/dt can be expressed through the following differential equation:
where k + and k − are the intrinsic association and dissociation rate constants of the receptor-ligand complex, respectively. N R is the total number of receptors on the bioFET surface, and c R L (t) is the ligand concentration in the vicinity of the recognition layer, i.e., in the reception space.
Since diffusion effects on the reaction dynamics are neglected, we can assume that a concentration change in the bulk due to successively transmitted messages from information source is immediately reflected to the concentration in reception space. Thus, we can neglect the transient phase between different levels of ligand concentration such that c
, where c i is the ligand concentration corresponding to the ith message, t i is the transition time from the (i − 1)th message to the ith message in reception space, and 1/B is the symbol duration with B being the symbol transmission rate. In other words, biorecognition layer of the receiver is assumed to be exposed to a constant concentration c i representing the ith symbol for t ∈ [t i , t i + 1/B)].
Given the initial condition N B (t i − ) = N B,i−1 with → 0, the solution of the differential equation (7) can be given as [67] (8) where N ss B,i is the number of receptors at steady-state, i.e., when dN B (t)/dt = 0. We infer from this equation that although the ligand concentration level immediately changes in the reception space, it takes a certain time for the receptors to adapt the concentration level of the new message. The time to reach steady-state is governed by the reaction timescale τ B = (k + c i + k − ) −1 ; thus, for higher ligand concentrations, the adaptation time of the recognition layer decreases. The number of occupied receptors at steady-state is given by
Receiver is assumed to sample the state of receptors at steadystate; thus, the number of occupied receptors corresponding to the ith message can be given as N B,i = N ss B,i . The charged ligands bound to the surface receptors induce opposite charges on the gate of bioFET to some extent depending on their intrinsic charge. The average amount of charge generated by the bound ligands for the ith message is given Table I. by Q i = N B,i N e q ef f , where N e is the average number of free electrons per ligand molecule. q ef f is the mean effective charge induced by a single electron on a ligand molecule which is given in (5), where the mean vertical distance of ligand electrons at the bound state to the transducer surface is assumed equal to the length of the receptor molecule r = L R .
The induced charges on the gate are translated into the gate voltage through the equivalent circuit of the transducer [38] [68], which is demonstrated in Fig. 7 . By neglecting the current through R layer , i.e., resistance of the layer of bound ligands, which is on the order of tens of GΩs [68] [69], the gate voltage resultant from the bound ligands can be written as
where C eq,i is the overall capacitance of the equivalent circuit:
Here, C ox , C s and C dl are the oxide, the semiconductor, i.e. SiNW, and the double layer capacitances per unit area, respectively; C rec and C layer,i are the capacitances of the receptor layer and the layer of bound ligands when the ith message is received, respectively; and W and L are the width and length of the transducer's active region. C ox = ox /t ox with ox and t ox being the permittivity and the thickness of the oxide layer.
with C mol,R and C mol,L being the capacitance of a single receptor and a single ligand molecule, respectively. The induced gate voltage is reflected into a variation in the current flowing through the transducer channel I M,i = I S,i +I 0 , where I 0 is the bias current which is assumed to be constant and independent of the gate voltage V G,i [70] ; and I S,i is the current resultant from the bound ligands during the reception of ith message. We are interested in I S,i since it is modulated by the ligand concentration through the following relation:
where g m is the transconductance of the NW channel, which is expressed by
where µ ef f is the effective carrier mobility in the transducer channel, and V DS is the drain-to-source voltage, which is assumed to be held constant [70] . The processor unit in the receiver uses the signal I S,i , which is plotted in Fig. 8 for the parameters in Table I , to infer the incoming ligand concentration c i ; and thus the molecular message i, based on a predefined CSK scheme. The sensitivity of the receiver can be found by taking the derivative of (12) with respect to the input concentration c i :
where
. Note that C eq,i and C p,i are functions of input concentration c i . Fig. 9 demonstrates the receiver sensitivity with the input concentration normalized by the dissociation constant K D , such that the normalized sensitivity in the results correspond to the amount of increase in the output current due to a unit increase in the normalized concentration c i /K D at a given system setting. Table I lists the default parameter values used in the analysis. As can be inferred from the results in Fig.  9(a) , the sensitivity substantially decreases as the concentration level in the reception space increases. This is because the receptors on the biorecognition layer are saturated at higher ligand concentrations, thus become insensitive to the changes in the input. The results presented in Fig. 9(b) and Fig. 9(c) reveal the effect of Debye screening, which is mathematically given by (6) , such that the sensitivity decreases with increasing ion concentration in the medium and with the increasing length of receptors. Since it is not always possible to control the ionic concentration of the medium, it is critical to employ surface receptors with lengths smaller than the Debye length to obtain a highly sensitive receiver antenna. Physiological conditions generally imply ionic concentrations higher than 100mol/m 3 , which decrease the Debye length below 1nm. As discussed in Section IV-C2, aptamers and natural receptors with smaller Resistance of ligand molecules (R mol,L ) 4 × 10 14 (Ω) [69] Capacitance of ligand molecules (C mol,L ) 2 × 10 −20 (F ) [76] Resistance of receptor molecules (R mol,R ) 4 × 10 14 (Ω) [69] Capacitance of receptor molecules (C mol,R ) 2 × 10 −20 (F ) [76] Capacitance of dielectric layer (C dl )
Capacitance of silicon (Cs) sizes are advantageous compared to antibodies to be employed as receptors in in vivo applications. The last sensitivity analysis in Fig. 9(d) demonstrates that the thickness of the oxide layer t ox has also a significant effect on the sensitivity. As t ox increases, the oxide capacitance C ox decreases, which directly reduces the channel transconductance g m as given in (13) . Fortunately, control over the oxide layer thickness is possible, and t ox values lower than 5nm are reported in the literature [78] .
VI. ADVANCED DESIGN ISSUES A. Molecular Division Multiple Access (MDMA) and MoSK
Use of different types of molecules brings up several opportunities to increase the functionality and improve the performance of MC. MoSK where messages are encoded into the type of molecules is one of the two robust modulation techniques envisioned for MC applications [3] . Combining MoSK scheme with CSK, i.e., representing messages by both molecular concentration and type, multiplies the alphabet size, thus, can boost the communication rate. Moreover, employing various types of molecules for encoding can enable a particular code division multi-access scheme which is termed Molecular Division Multiple Access (MDMA) [54] .
All of these modulation and multiple access schemes require for messages to be discriminated by the receiver. The receiver architecture based on bioFETs can be adapted to each of these schemes through one of the following modifications:
• Employing multiple antennas with different types of receptors each corresponding to a different type of ligand as shown in Fig. 10(a) , receiver can separately process the electrical outputs of different antennas, and thus, can easily decode different messages. Therefore, this architecture does not require a complex signal processing for detection; however, it implies a larger area of deployment, and more energy consumption which multiplies with the number of antennas.
• Employing a single antenna is convenient if a significant diversity exists among the efficient charges, i.e., N e q ef f , for different types of molecules. The receptors can be of the same type if the ligands have similar affinity to the same receptor; otherwise, for each of the ligand type, different receptors should be deployed on the recognition layer as shown in Fig. 10(b) . It is clear that employing a single antenna is more energy-efficient and space-saving compared to the other architecture. However, for the case of MDMA where different signals received at the same time are superposed at the output, this architecture requires more complex signal processing on the electrical signal to discriminate the contributions of different messages.
B. Diversity Combining
The size of nanomachines may be significantly larger than a single receiver or transmitter antenna, and they are generally envisioned as mobile undergoing both translational and rotational motion, which means that the distance between the transmitter and the receiver antennas of communicating nanomachines may alter notably during the operation. The distance between transmitter and receiver antennas has strong effect on the attenuation of molecular signals [5] . Hence, employing multiple receiver antennas with spatial diversity on a single nanomachine can lead to important diversity gains and reductions of the transmission delays. Several diversity combining schemes like selective combining, maximum ratio combining are applicable for the electrical receiver [79] .
C. Energy Efficiency Schemes
Nanomachines are envisioned to have limited power; thus, energy consumption of the receiver should be minimized. This objective can be realized by optimizing the hardware, or employing energy-efficient scheduling algorithms. Since the receiver is electrically powered, a nanomachine has the control on its operation times and sampling periods. Therefore, most of the conventional energy-efficient schemes in the literature can also be incorporated to the molecular receiver [80] . However, power saving modes of receiver's operation like sleep, idle, standby, and active modes, need to be defined in the context of the nanocommunications application.
D. Tunable Kinetics
The voltage applied to the solution gate, i.e., the reference electrode, creates, to some extent, an electrical field between the transducer channel and the reference electrode. This electrical field is shown to induce electrophoretic forces on the charged ligands in the reception space and manipulate their motion in perpendicular to the recognition layer [81] . It has been speculated that this effect can be exploited to attract or repel the ligands from the recognition layer, thus, to increase or decrease their probability of binding to the receptors depending on the magnitude and polarity of the applied electrical field [37] , [81] . From the receiver's perspective, this phenomenon can be used to increase the power of the received signal by applying an attracting electric field in the reception space when very low concentrations of ligands are expected to be received. Moreover, if the receptors become saturated as a result of high-concentration signals, then the receiver can periodically use a repelling electric field to decrease the binding rates of the molecules. This adaptive scheme with tunable binding kinetics clearly brings important functionalities to the receiver; however, the application of electrophoresis to the binding kinetics is quite new concept, and analytical models that fully capture its effects on the binding rates are still missing.
E. EM-Molecular Hybrid Operation
Graphene and CNT, with extraordinary electromagnetic (EM) properties, have also proven to be promising candidates for the design of transceiver antennas in nanoscale EM communications, especially in THz [82] and optical frequencies [83] . Designing the MC receiver with graphene or CNT-based transducer channels can allow a hybrid receiver architecture that can operate both in MC and EM nanocommunications. This hybrid design could bring up novel applications for both nanocommunication paradigms. For example, the hybrid receiver can act as a nanoscale gateway that connects an in vivo molecular nanonetwork to an external macroscale network, e.g., Internet, through an EM-based communication channel to enable Internet of Nano Things (IoNT) [84] [85] [86] . In a similar manner, two distant molecular nanonetwork can be connected with an EM link. To design a hybrid receiver, additional challenges should be addressed. For example if the intention is to design a single hybrid receiver antenna, the effect of biofunctionalization on the electromagnetic characteristics of the transducer channel should be analyzed.
VII. CHALLENGES
There are unique challenges of making the proposed architecture operational for MC. In this section, we discuss the most important ones together with possible solution approaches.
To integrate the receiver into a nanomachine, it should be miniaturized to nanoscale dimensions. The channel and the recognition layer together with the contact electrodes are already scalable down to nanoscale; however, it is an ongoing challenge to miniaturize the reference electrode by keeping its stable operation. For the aim of integrating bioFETs to small scale on-chip devices, the concept of pseudo reference electrodes has been introduced with smaller sizes compared to a true reference electrode. However, they compromise the stability of voltage to some extent, and need to be further scaled down to work on a nanoscale device [70] . Recently, a promising approach has been proposed to completely remove the need for a reference electrode [87] . Combining the piezoelectric effect with the bioFET concept, the authors came up with a novel architecture named Flexure-FET which achieves to detect molecular concentration with high sensitivity, even by not requiring for ligands to be charged [88] .
In addition to the reference electrode problem; although processing units, memories, and batteries, as well as energy harvesting equipments are continuously being shrunk down to smaller sizes with the use of novel nanomaterials like CNT, implementation of fully integrated nanomachines that can be utilized in an nanonetwork application is still an open issue.
Another challenge arises when the receiver is employed in an in vivo application. The physiological conditions imply solutions with high ionic concentrations, abundance of interferers and contaminants, and existence of disruptive flows and fluctuating temperature, which may degrade the receiver's performance in several aspects. First, high ionic concentration, which is ∼100mM for physiological conditions, creates a strong screening effect reducing the Debye length to ∼1nm, and thus, impedes the sensitivity of the receiver [37] . Moreover, interferers that have affinities for the receptors could create strong background noise; and contaminants and disruptive flows may alter the binding kinetics, impede the stability of the receptors, even separate them from the dielectric layer. The disruptive flows may also strongly fluctuate the concentration of the ligands in the reception space.
Even though using highly charged ligands and very small size receptors like aptamers can solve the screening problem in theory, recently proposed frequency domain techniques promise for much more realistic solutions. In [89] , the authors have shown that the power spectrum of binding events is Lorentzian-shaped, and easy to distinguish from the flicker noise in frequency domain, because of the weakening of flicker noise at high frequencies. They reveal that frequency domain detection outperforms the conventional time domain technique in terms of sensitivity in highly ionic solutions. The second method proposed in [90] is based on applying a highfrequency alternating current between the source and the drain electrodes, instead of a DC current, to weaken the double layer capacitance generated by the solution ions. They show that the effective charges of the ligands become inversely dependent on the Debye length instead of the exponential dependence. As a result, the screening effect on the bound ligands is significantly reduced, and the FET-based biosensing becomes feasible even for physiological conditions.
VIII. FUTURE RESEARCH AVENUES
Progress in biosensor research has been mostly based on empirical studies. Therefore, the proposed designs generally lack the complementary analytical models that mathematically represent the operation incorporating the effects of the system parameters on the performance. This leads to a problem of reproducibility of the experimental results, and thus, to a plethora of studies that are not consistent with each other [91] .
There are only a few attempts to analytically model a biosensor, most of which are cited in this paper [32] [37] [40] . However, these works together with our model assume that the ligands to be detected are in equilibrium with the receptors at the time of detection. This is an acceptable assumption in the context of biosensors, because they are usually envisioned to be operated in laboratory conditions as being immersed in preprepared solutions with long incubation times. However, for the case of communications, considering the continuous and in situ operation of the envisioned nanonetwork applications, this assumption could be violated when the bandwidth of the incoming signal is comparably high or the diffusion effects cannot be neglected. Therefore, the first research avenue should be development of comprehensive analytical models both for time and frequency domains that capture the transient dynamics without the dynamic equilibrium assumption, the effects of environmental conditions, also the mobility of the nanomachines. This requires a careful incorporation of the molecular transport dynamics into the recognition and transduction characteristics of the receiver. The model should be able to provide closed-form analytical expressions for the main performance metrics, e.g., sensitivity, SNR, LoD, in terms of system parameters including receiver geometry and molecule types used in the channel and recognition layer.
The analytical models that will be developed in the first phase can be incorporated into simulation frameworks for the optimization of the models under different communication scenarios and for the design of optimal detection schemes and communication protocols. There are a few attempts towards establishing realistic simulation frameworks for diffusion-based MC and bioFETs. The current MC simulators are designed based on widely used network simulator NS-3, and they are mainly focused on the communication channels and network architectures [92] [93] . The models used in the simulators assume ideal MC receivers with perfect sampling of the molecular concentration in the reception space. On the other hand, bioFET simulators are web-based and developed mainly for the purpose of proper evaluation and classification of the experimental results [72] [94] . These frameworks lack underlying analytical models, thus, are not able to provide required design and optimization tools. At this point, a simulation framework for bioFET-based MC receivers needs to be developed using the analytical models; and then, the framework should be combined with the MC simulators, which are continuously being improved, to provide a realistic simulation environment for end-to-end molecular communications.
Analytical models and simulation frameworks should be accompanied by experimental validations. This requires the development of receiver prototypes based on bioFET architectures optimized for communication purposes. Microfluidics provides an invaluable platform to transport molecules in a controlled fashion. It has proven feasible for conducting MC experiments with controllable system parameters [95] [96] , which makes microfluidics a promising means of further optimizing the MC receiver prototypes in real communication scenarios. Following experimental validations, receiver antenna should be integrated with nanoscale processors which have the capability of performing the optimal detection with the processing rates sufficient for the envisioned MC applications.
IX. CONCLUSION
Physical design of a molecular receiver has been elaborated for the first time in the literature. Detection of messages in a molecular communication system mandates the label-free and in situ sensing of molecules. A comprehensive review of the state-of-the-art biosensing methods revealed that the basic requirements of a molecular receiver can be met only with a design in nanobioelectronic domain. FET-based biosensing mechanism is particularly favoured as the underlying mechanism of a nanobioelectronic molecular receiver due to the fast, reversible and simple operation with a plethora of engineering options. We conceptually presented the main operation principles of a FET-based molecular receiver together with the performance metrics and design parameters. We derived a deterministic model for a SiNW FET-based MC receiver, and evaluated the reception performance in terms of sensitivity. These preliminary results demonstrating the reliable reception of molecular messages are encouraging for the further development of MC receiver in nanobioelectronic domain. We addressed the practical challenges with possible solution approaches. Future research avenues include the derivation of an improved analytical model for the receiver operation comprising the transient kinetics of molecular binding and transportation dynamics, optimization of the receiver performance for the envisioned applications through simulations and experiments, development of optimal detection schemes, and the integration of the receiver into a nanomachine.
